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Abstract 
Polymer coatings for microelectronics packaging frequently undergo ductile-brittle transition when in contact with the specific solvents, 
which can cause the local deformation zones to grow from the stress concentrations and lead to cracking and debonding. Owing to the adhesion 
to the substrate, the surface opening of the deformation zones is very narrow, investigation of the microstructure cannot be made by optical 
microscopy or scanning electron microscopy. However, using the atomic force microscope, it was found that the depth of the zones increased 
with immersion time, indicating that they grew from the surface into the interior. The stress release induced by the deformation zones could 
be measured as a function of position. Furthermore, the zone depth increased linearly with the zone width. The zone growth and film-thickness 
effect, together with the cracking of the free-standing films in different solvents, were investigated. 
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1. Introduction 
Environmental stress cracking, particularly solvent- 
induced cracking, is a major problem for polymer applica- 
tions, ranging from plastic piping to the microelectronics IC 
fabrication [ 14 1. For polymer thin films coated on rigid 
substrates, the driving force for the cracking usually is the 
residual stress in the polymer thin film developed during 
thermal cycling and/or solvent drying. When in contact with 
the chemical solvent, the small molecules can diffuse into,the 
polymer coatilrgs causing a strong plasticization effect that 
immediately triggers a ductile-brittle transition to form cracks 
in order to release the stress. The reduction of polymer surface 
energy by solvent adsorption may also contribute to this 
embrittlement phenomenon. 
Previous work was concentrated on the free-standing films 
or bulk. However, the fracture mechanics for adhered films 
is qualitatively different from that in the free-standing films 
due to the constraints by the adhesion to the substrate. The 
adhesion confines the stress release caused by cracking to the 
local area such that the energy release is linearly proportional 
to the crack length [ 21. Furthermore, the appearance of the 
local deformation zones that precede cracking is very differ- 
ent from that commonly observed in the free-standing films 
[ 11, therefore the modes of microdeformation were some- 
times suspected to be different. Yet, probably owing to the 
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adhesion to the substrate, the surface opening of the defor- 
mation zones is very narrow, the observations for the adhered 
films cannot be made by optical microscopy (OM) or scan- 
ning electron microscopy (SEM). For this sake, this paper 
was focused on the thin films adhered on rigid substrates, and 
the atomic force microscopy (AFM) was employed in this 
study for the polystyrene-hexane and polystyrene-methanol 
model systems. 
2. Experimental 
The adhered polystyrene (PS) films (mol. wt. = 
2 000 000, Pressure Chemical Co.) were prepared by spin 
coating on glass slips from the toluene solution. The film 
thickness was controlled by the solution concentration to be 
from 0.5 to 11 km. To eliminate the residual stress of solvent 
evaporation during film casting and to introduce a uniform 
equi-biaxial tension to the adhered PS films, the dried speci- 
mens were baked at 113 “C on a hot plate for 3 h followed 
by quenching to room temperature. This process is necessary 
in order to obtain a reproducible driving force for cracking 
during solvent immersion. The thermal mis-match between 
the film and the substrate was calculated from the thermal 
expansion coefficients to be around 0.5% strain for the tem- 
perature range from 113 “C to room temperature. For repro- 
ducible crack nucleation conditions, small holes were 
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introduced into the adhered films with the tip of a razor blade 
before immersing the films in solvents to start the cracking. 
The solvents of n-hexane and methanol were used as the 
bath solvents. After immersion for a fixed period of time, the 
specimens were removed from the bath and quickly dried for 
investigations of the microstructure and measurements of the 
weight gain. The imaging tools were Zeiss Axioplan optical 
microscope, the Jeol JSM-5200 scanning electron micro- 
scope, and the nanoscope II atomic force microscope. 
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Fig. 1. Weight gain vs. immersion time for polystyrene immersed in hexane. 
Free-standing films were prepared on copper grids and the 
above procedures were repeated to compare with the results 
of the adhered films. In order to simulate the strain conditions 
of the adhered films, a small tensile deformation of 0.5% 
strain was applied to the specimen before solvent immersion. 
3. Results and discussions 
3.1. Polystyrene immersed in hexane 
The solvent diffusion data of weight gain versus immersion 
time for PS in hexane was plotted in Fig. 1. It shows a fast 
initial increase followed by a decrease to a final levelling-off 
value. It was found that the thicker the film, the higher the 
saturation ratio, probably due to the less constraint by the 
substrate in the direction of thickness. The decrease of the 
weight gain was interesting and unexpected. It was never 
observed in the free-standing films. Nevertheless, it was 
thought to be related to the reduction of stress when the 
solvent reached the substrate. A reduction in stress can 
decrease the equilibrium sorption significantly as the barrier 
of the solvent molecules diffusing into the glassy polymer 
increased. 
Using OM and SEM, it was found that the deformation 
zones appeared immediately all over the specimen after sol- 
vent immersion, forming an interconnected ‘network’ of ‘line 
defects’ (Fig. 2). Under OM and SEM, the line defects 
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Fig. 2. Morphology of deformation zones of 11 pm polystyrene immersed 
in hexane for 1 h (a) OM X 100 and (b) SEM X 3500. 
Fig. 3. Inner surface of the deformation zone by AFM of 11 pm polystyrene 
immersed in hexane for 1 h. 
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Fig. 4. Depth and width of deformation zones of polystyrene immersed in 
hexane for 1 h. 
appeared to have almost constant width bordered with sharp 
interfaces with the bulk. There was no preferred orientation 
of these line defects, reflecting the fact that the stress in the 
adhered film was equi-biaxial. 
The topography and microstructure of the deformation 
zones were further examined by AFM. The inner surface of 
the deformation zones was very smooth (Fig. 3). Table 1 
listed the depth and width of the deformation zones for dif- 
b &en 
Hodzonlal distance (nm) 230.49 534.44 
Verlicnl dlrlntw (ntn) 39.2 7.52 
Angle (deg) 9.65 0.81 
(a) lsec 
.lan 
(1, (2) al 
----L__p---Y~ 
I J 
0 IDo0 @em 0 
Horizontal distance (nm) 360.31 540.13 
Verllcnl dittnnce (nm) 124.13 5.81 
Angle (deg) 19.01 0.62 
(b) 2sec 
I 
cl 1llCU 
- o- o- 
Horizontal distance (nm) 315.80 541.87 
Vertical distance (MI) 163.12 I .44 
Angle (dcg) 27.32 0.15 
(c) Ssec 
Table 1 
Thickness effect of polystyrene immersed in hexane for 1 h 
Film thickness (pm) Depth (nm) Width (nm) 
3 415.76 4342 
11 1046.00 9341 
ferent thicknesses, 3 and 11 pm, which were immersed in 
hexane for 1 h. It was found that increasing film thickness 
would increase both the depth and width of the defects 
(Fig. 4). 
The growth of the deformation zones with different immer- 
sion time, from 1 s to 1 h, was followed by AFM observations 
(Fig. 5(a)-(f) ). It was noted that the deformation zones 
grew wider and deeper as solvent contact proceeded, indi- 
cating that they grew from the surface into the interior (Fig. 
6). 
The data seem to indicate that when the adhered polymer 
film is in contact with the solvent, many defects are formed 
all over the specimen to release the initial equi-biaxial tensile 
stress near the defect opening. Assuming plane stress in linear 
elasticity, the data of local thickness change detected by AFM 
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Fig. 5. (a)-(f) Growth of the deformation zone of 3 pm polystyrene immersed in hexane for different periods of time 
A. C. M. Yang et al. /Materials Chemistry and Physics 42 (1995) 226224 223 
c 4000 - 
c 
5 
3 3000 - 
7 
0 
.c 
*a 2000 - 
% 
immersion time (set) 
Fig. 6. Depth and width of deformation zones vs. immersion time. 
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Fig. 7. Cross-section profile of the deformation zone. 
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Fig. 8. Adsorption of methanol in 0.5 wrn thick polystyrene. 
could be used to estimate the magnitude of stress release 
around the line defects as a function of position (Fig. 7) [ 11. 
3.2. Polystyrene immersed in methanol 
The methanol diffusion behaviour in PS is quite different 
from that of hexane. The saturation time for methanol diffu- 
sion into the 0.5 pm thick PS films was about 20 h, in sharp 
contrast to the short period of 25 min needed for the diffusion 
of hexane. The diffusion mechanism for methanol into the 
PS film seemed to follow a case-II diffusion, as indicated by 
the bending beam experimental data (Fig. 8). 
As the dry adhered specimen came in contact with meth- 
anol, several line defects initiated from the edge of the starter 
holes (Fig. 9). In contrast to the contact with hexane, the 
propagation of these line defects is much slower. Brown [ 51 
proposed that the smaller the difference of the solubility 
parameter between the polymer and the solvent, the easier 
the deformation would proceed. Consistent with Brown’s 
model, the solubility parameter of PS (9.1) , is much closer 
to that of hexane (7.3), than to that of methanol ( 14.5). 
Moreover, Kramer and co-workers [6] had suggested that 
the yield stress of polymers in a solvent bath decreased with 
increasing n, where n is the number of carbon atoms on the 
main chain of the solvent molecule. The number n for hexane 
is 6, much larger than the value of 3 for methanol. Therefore, 
our results were consistent with the prediction. 
Fig. 10 shows the propagation speed of the deformation 
zones in methanol. Due to the significant stress relaxation, 
defects formed quickly after being in contact with the solvent. 
It was followed by a sharp slow down for longer diffusion 
times, possibly due to the reduced residual stress by the sol- 
vent molecules [ 21. It was also observed that the film thick- 
ness would affect the propagation velocity. 
In Table 2 are listed the depth and width of the deformation 
zones for film thicknesses of 1 and 11 pm. It is clear that the 
zone of 11 pm thick film is deeper and wider, the same 
phenomenon has been observed in the PS-hexane system. It 
is also obvious that the zones in hexane were much larger 
than those formed in methanol. 
Fig. 9. (a),(b). Morphology of deformation zones of 11 pm polysryrene 
immersed in methanol during 30 min. 
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Fig. 10. Propagation speed of the deformation zone of polystyrene in meth- 
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Table 2 4. Conclusions 
Thickness effect of polystyrene immersed in methanol for 30 min 
1. Hexane and methanol baths can cause the formation of 
local deformation zones in the PS thin film adhered to a rigid 
substrate under the driving force of the residual thermal stress. 
Film thickness (pm) Depth (nm) Width (nm) 
1 46.76 225.35 
11 110.53 419.08 
Table 3 
Comparing the free-standing and the adhered polystyrene film 
3 pm PS films 
Free-standing 
Adhered 
Depth (nm) 
835.00 
39.2 
Width (nm) 
2875 
534.44 
Fig. 11. Inner surface of tbe deformation zone. by AFM, of 0.5 wrn thick 
polystyrene fr e-standing film immersed in hexane for 1 h. 
3.3. Free-standing film 
Free-standing films with 3 pm thickness on copper grid 
were strained 0.5% uniaxially in tension. This step was to 
simulate the straining conditions of the adhered films that 
were annealed and quenched from 113 “C to room tempera- 
ture. Although the PS films usually could he stretched elas- 
tically without forming crazes up to this strain level, care was 
taken to exclude these crazed film squares so that the air crazes 
were not confused with the solvent induced deformation 
zones. When the uniaxially deformed specimen was 
immersed in hexane for only 1 s, many deformation zones 
were formed and ran in the direction perpendicular to the 
tensile axis. The effect of adhesion is apparent, as the micro- 
structure of the deformation zones in the adhered and free- 
standing films were compared. For the same length of immer- 
sion time, the deformation zone was much larger than that in 
the adhered film (Table 3). Moreover, the inner surface of 
the zone in the free-standing film was rougher, in contrast to 
the smooth inner surface of the adhered film (Fig. 11) . 
2. Hexane produces the deformation zones more easily 
than methanol. This seems to be related to the diffusion speed 
of the small molecules into the polymer coatings and the 
plasticization caused by the solvent. 
3. A significant amount of stress release was induced by 
forming the line defects during solvent immersion. The mag- 
nitude of the stress release can be determined as a function 
of position by AFM topographical observation and plane- 
stress calculation. 
4. Data of depth versus immersion time indicate that the 
deformation zones grew from the surface into the interior. 
5. Adhesion on a rigid substrate will restrict the growth of 
the deformation. The inner surface of deformation zone in 
the free-standing film is much rougher than in the adhered 
one. 
6. Diffusion and bending beam data seem to indicate that 
a case-II diffusion is followed by the diffusion of hexane and 
methanol in adhered PS thin films. 
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